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Abstract 
The occurrence of discoloured water at the customers’ tap is a great worry for water companies throughout the world. 
Customers’ express their dissatisfaction when their tap water discolour. This greatly undermines their confidence in water 
companies. This discolouration is mainly caused by increased levels of Fe and Mn accumulation. This paper presents analysis 
of a six-year dataset comprising of 36 water quality parameters and customer complaints data covering 176 different district 
metered areas (DMAs) to identify relevant parameters that influence Iron (Fe) and Manganese (Mn) accumulation potential. 
Customer complaints data were also investigated for seasonal trends. From the analysis of the data, it was observed that of the 
36 parameters only few parameters such as those related to bio-chemical oxidation and sorption significantly influenced the 
accumulation of Fe and Mn. Majority of the DMAs showed significantly high peaks of customer complaints during summer. 
These spikes may be attributed to increased water consumption and warmer water temperatures during this period. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the CCWI2013 Committee. 
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1. Introduction 
Access to safe drinking water is considered to be a basic human right. However, more than one-sixth of the 
world's population, predominantly in developing countries, lack reliable access to such water (WHO and UNICEF, 
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2006). Although drinking water in developed countries is relatively safe, there are a number of issues that need to 
be addressed. Customers complain to drinking companies regarding incidents like taste, odour, colour, slime, low 
pressure and no supply of water. In the UK, it is estimated that one-third of all customer complaints concerning 
drinking water are related to water discolouration (Cook et al., 2005). These complaints greatly undermine 
customers’ confidence in water companies. 
Fe and Mn have long been considered to only lead to aesthetic problems, in that they are secondary 
contaminants that have little or no adverse health effects. However, research conducted by Wasserman et al. (2006) 
indicated a relationship between increased Mn concentrations in drinking water and reduced intellectual functions 
of children. Increased levels of Fe and Mn concentrations have been found to be the main cause of drinking water 
discolouration (Slaats, 2002). Further more, discoloured water could also lead to coloured stains on laundries and 
sinks, increased treatment costs, reduced treatment capacity and increased pumping costs. Water with high 
concentrations of Fe and Mn has been found to give water an unpleasant metallic taste and vegetables cooked with 
it become dark and look unappetizing (Herman, 1996). 
High Fe and Mn levels can lead to non-compliance with drinking water regulations. The Drinking Water 
Inspectorate (DWI) has set a limit for the concentrations of Fe and Mn in drinking water; this is known as the 
maximum concentration level (MCL). The MCLs set by DWI for Fe and Mn are 200 μg/l and 50 μg/l, 
respectively. The quality of water changes as it travels from source to consumers in WDNs. Although water 
companies generally set post-treatment targets of Fe and Mn to about 3% of their respective MCLs, low 
concentrations of Fe and Mn still enter the network and gradually accumulate on pipe walls within WDNs. Given 
the wrong conditions, such as high flows created by a water main burst or high diurnal consumption of drinking 
water, these accumulated particles may subsequently lead to water discolouration and end up in customers’ taps. 
The processes influencing the accumulation and release of Fe and Mn in the water distribution networks 
(WDNs) are highly complex, unpredictable, not fully understood, and at present, difficult to model mathematically. 
Concentrations of Iron (Fe) and Manganese (Mn) change frequently with time and space as water moves from the 
treatment plant to customers. The variability of source materials, hydraulics, biological and chemical reactions that 
occur within a network contribute toward creating a very complex environment. In the meanwhile, sophisticated 
risk-based management systems, fines, treatment costs, and increased pumping and rehabilitation costs are costing 
water companies huge amount of money yearly. There is therefore an urgent need for water companies to gain a 
practicable understanding of the processes and mechanisms that lead to water discolouration. 
2. Background 
Studies have attributed red-brown, yellow, yellow-brown and brown colours of drinking water to corrosion of 
Fe Yarra Valley Water (1998), whereas black water has been attributed to excessive concentration of Mn and 
biofilm stripping (Sly et al., 1990; Yarra Valley Water, 1998).  Chemically, Mn occurs in all oxidation states 
between 0 and +7, of which +2, +4, and +7 are environmentally and biologically the most important (USEPA, 
1994). Mn salts in the +2 and +7 states are chemically the most stable. Mn2+ and Mn7+ are soluble whereas Mn4+ is 
insoluble (oxidised form, manganic dioxide). Fe can exist in aquatic systems (natural waters and their sediments) 
in several oxidation states: metallic iron (Fe), ferrous iron (Fe2+) and ferric iron (Fe3+). 
The causes of water discolouration can be attributed to several factors, most of which are interrelated. These 
include complex physical, chemical and/or biological processes. Linking the particles found in a WDN to a 
particular contamination source can be a very difficult task because of the numerous potential sources and the 
complex layout of a pipe network (Gauthier et al., 1999). There are a number of parameters that influence 
accumulation process of Fe and Mn. These parameters can be grouped into three categories: (a) chemical 
parameters representing the chemical reactions within a WDN; (b) biological parameters that aid the accumulation; 
and (c) physical parameters such as pipe material and network hydraulics. 
Chemical parameters like pH and dissolved oxygen have been found to influence the concentration of Fe in the 
WDN. Stumm (1960) found out that generally, an increase in the pH (7–9) in WDN increase pipe weight loss and 
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increase corrosion rate. A study by Seo et al. (1998) showed that the deterioration of drinking water is mainly 
caused by the corrosion of pipes in WDNs and the dissolved oxygen concentration is the main factor that caused 
increased corrosion. During corrosion, dissolved oxygen serves as an electron acceptor (eqn. 1), and it oxidises 
ferrous iron (Fe2+) (eqn. 2) or iron scales (eqns. 3 & 4), (McNeill, 2000).   
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Sorption, which is the physico-chemical process by which adsorption and absorption take place simultaneously, 
has been found to influence water discolouration. A resent study conducted by Wang et al. (2012) on the 
adsorption of Mn2+ on amorphous Al(OH)3 indicated that adsorption mainly took place when the pH of drinking 
water  was above 7.5. They also observed that dissolved organic matter, especially Humic Acid (HA), enhanced 
adsorption of Mn2+. 
The biological processes that lead to water discolouration are highly complicated and as such very difficult to 
understand. Microbial Growth lead to the formation of biofilms in WDNs. Decho (2000) defines biofilms as 
aggregates of microorganisms such as mixed populations of bacteria, fungi, protozoa, algae and higher organisms 
in the food chain such as nematodes and larvae. Every WDN is susceptible to microbial growth and the resultant 
formation of biofilms irrespective of the purity of water, type of pipe material or presence of a disinfectant 
(National Research Council, 2005). Studies have shown that Fe and Mn deposition increases with microbial 
activity; because of cell death or flow dynamics, biofilms may release entrapped Fe and Mn into the water (Deines 
et al., 2010; Ginige et al., 2011).  
Researchers have found that biofilm bacteria need bioavailable forms of nutrients for growth in order to remain 
in the WDN. They require carbon, nitrogen and phosphorus, with carbon being required in a greater proportion 
than those of the other nutrients. Some researchers have suggested a carbon : nitrogen : phosphorus ratio of 100 : 
10 : 1 as being suitable for bacterial growth (CRCWQT, 2005). Trace amounts of some other nutrients are also 
required for the growth of biofilms, but these have not been investigated (LeChevallier, 1990). Because bacteria 
mainly consume organic carbons, reducing their concentration may limit biofilm growth. 
 
3. Methodology 
A six-year dataset of 36 water quality parameters covering 14 water supply zones (WSZs) which consists of 176 
different District Metered Areas (DMAs) from a UK water company was used in this research to identify the 
relevant parameters that influence iron Fe and manganese Mn accumulation potential. In the context of this 
research, the sites of interest included WSZs with high, medium and low levels of customer complaints in order for 
the model to capture all levels of discolouration and to remove any form of bias. 
Regression analysis was performed at DMA level holding Fe as the dependent parameter and each of the 36 
different water quality parameters as the independent parameter. Similarly, Mn was also regressed with the same 
water quality parameters. Separate graphs were plotted for each of the 176 DMAs. The Pearson’s correlation 
coefficient, R, was determined to find any existing correlations between the parameters. The equation for 
calculating R is given in eqn. 5. The value of R can be negative or positive. In a positive correlation, as the values 
of independent variable increase, values of dependent variable also increase. Conversely, an inverse or negative 
correlation occurs when the values of independent variable increase and the values of the dependent variable 
decrease. An R value of one or nearly one indicates a very strong correlation and nearly zero indicates no 
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correlation. Table 1 shows the interpretation of values of Pearson’s correlation coefficients (Rodgers and 
Nicewander, 1988). The percentage of the number of DMAs with negative and positive correlations of Fe and Mn 
against the water quality parameters, were calculated. 
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Where R = Pearson’s correlation coefficient. 
xi and yi = ith independent and dependent variable respectively. 
 and  are the mean of x and y respectively. 
n = the number of observations.  
 
Table 1. Classification of Pearson correlation Coefficient. 
Correlation Strength Pearson’s correlation coefficient 
Strong  1  |R| > 0.5 
Moderate  0.5  |R| > 0.3 
Weak  0.3  |R| > 0.1 
None 0.1  |R| > 0 
 
Customer complaints data relating to discoloured water and slime were investigated for seasonal variations. A 
simple ‘rule of thumb’ used by Sly et al. (1990) is that if Mn or Fe levels rises above 50 μg/l and 200 μg/l 
respectively, customer complaints increase. Since DMAs with high populations have a high propensity of 
experiencing more customer complaints, the customer complaint data were normalised by dividing the number of 
complaints by the number of properties (service connections) in each DMA. Quarterly customer complaints per 
1000 properties were then plotted against the time for all the DMAs.  
 
4. Results and discussion  
4.1. Influence of Chemical Parameters on Fe and Mn 
Fig. 1, shows sample graphs used to determine the negative and positive correlations of Fe and Mn 
concentrations against the concentrations of 36 water quality parameters sampled over the six-year period. 
Separate graphs were plotted for each of the 176 DMAs. The experimental data points in each graph represent the 
number of water quality parameters sampled. Some of the data points were more in some graphs than others 
because some water quality parameters in some DMAs were sampled more frequently. As stated earlier, due to the 
numerous parameters (physical, chemical and biological) that affect Fe and Mn accumulation, it was not expected 
to obtain high negative or positive percentage correlations. A significant percentage of the DMAs exhibited a 
negative correlation between Fe and alkalinity (68.75%), and also between Mn and alkalinity (58.33%). This is 
because increase in alkalinity helps to increase the buffer capacity, thus keeping the pH of drinking water stable, 
thereby reducing chemical oxidation in the WDN. This conforms to the results obtained by Kashinkunti et al. 
(1999) in their research on the effect of alkalinity on corrosion rates and pipe weight loss. A significant number of 
DMAs had turbidity positively correlating with both Fe and Mn, representing 80.58% and 71.94% respectively. 
This implies increase in both Fe and Mn concentration causes turbidity levels to increase. 
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Fig. 1. Correlation of Fe and Mn with some water quality parameters. 
 
4.2. Influence of Sorption on Fe and Mn 
High percentage of the DMAs, 75.52%, exhibited positive correlations with both Fe and Mn against aluminium. 
Residual amounts of aluminium enter the distribution system as a result of the coagulant, aluminium sulphate 
(Alum), which is added to raw water for the removal of colour, particulate, dissolved substances and colloids as 
part of the drinking water treatment process. Increasing aluminium sulphate, Al2(SO4)3, concentration may result 
in the formation of amorphous Al(OH)3; a compound that numerous researchers have found to have sorption 
capabilities (Wang et al., 2012; Dayton and Basta, 2005). The high percentage of positive correlations could be due 
to the sorption of Fe and Mn on amorphous Al(OH)3. 
4.3. Influence of Biological Parameters on Fe and Mn 
It was observed that 57.45% of DMAs exhibited positive correlation between Fe and water temperature. 
Similarly, 65.96% of DMAs showed positive correlation between Mn and water temperature. This can be 
attributed to the fact that increase in water temperature increases bacterial growth rates, and biological oxidisation 
of soluble Fe2+ and Mn2+ into insoluble Fe3+ and Mn4+ respectively in WDNs. Increased water temperature will 
also increase chemical oxidation. Several studies have shown that water colour is an indirect measure of total 
organic carbon (TOC); a compound which bacteria mainly feed on (Effler et al., 1985; Gorham et al., 1986; Evans, 
1988). This explains why high percentage of the DMAs had Fe positive correlation with water colour (73.57%) 
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and Mn also with water colour (68.57%). This also explains why the organic compounds; Trihalomethanes 
(58.33%) and Trichloromethane (66.67%) showed positive correlation with Fe in a high number of DMAs. 
Similarly, a high percentage of DMAs had Mn positively correlating with Trihalomethanes (84.62%) and 
Trichloromethane (69.23%). The high percentages could also be due to the decay of chlorine which reacts with 
Natural Organic Matter to form toxic disinfection by-products such as Trihalomethanes and Trichloromethane. In 
general, low FCR concentrations correspond to high Trihalomethanes levels in drinking water (Di Cristo et al., 
2013). A graph of Trihalomethanes against FCR for all the 176 DMAs showed an inverse correlation with an R 
value of -0.4643. 
Phosphorus, which is another bioavailable form of nutrient that bacteria in the WDN need for growth and 
production had high percentage of DMAs positively correlating with both Fe and Mn. Despite the chemical 
oxidative properties of free chlorine residual (FCR), 65.25% of DMAs negatively correlated with Fe and 60.28% 
with Mn. The negative correlation could be due to the fact that high concentrations of free chlorine residual 
prevent the growth of bacteria in the WDN and subsequently caused a reduction in biological oxidation. 
Further investigations on biological parameters were carried out by plotting Fe and Mn against FCR for all 176 
DMAs. The graph of Fe against FCR showed that a significant number of Fe concentrations exceeded the MCL of 
200μg/l when FCR was less than 0.8mg/l (Fig. 2.). However, there were no Fe failures when FCR exceeded 
0.8mg/l. Likewise, a graph of Mn against FCR showed a number of Mn compliance failures (exceeded the MCL of 
50μg/l) when FCR was less than 0.8mg/l but no failures when FCR was greater than 0.8mg/l (Fig. 3.). This could 
be an indication that most of the oxidation that occur within the distribution system could be microbial induced and 
that free chlorine residual concentrations above 0.8mg/l were able to kill or reduce the growth of Fe and Mn 
oxidising bacteria and hence prevent them from oxidising soluble Fe2+ and Mn2+ to Fe3+ and Mn4+ precipitates 
respectively.   
 
 
Fig. 2. Correlation between Fe and FCR less than 0.8mg/l and Fe and between FCR greater than 0.8mg/l for 176 DMAs. 
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Fig. 3. Correlation between Mn and FCR less than 0.8mg/l and between Mn and FCR greater than 0.8mg/l for 176 DMAs. 
 
4.4. Influence of seasonal variation on customer complaints 
In total, 116 out of the 176 DMAs showed seasonal variations of customer complaints with peaks during the 
second and third quarters of the year. Fig. 4. shows seasonal variation of customer complaints for a couple of 
DMAs. It was observed in Fig. 4.(a) that there were spikes of customer complaints for the second quarter of 2008 
and third quarter of 2010. While Fig. 4.(b) shows spikes of customer complaints for the second quarter of 2008 and 
second  and third quarters of 2005. These spikes observed could be due to the relatively high temperatures 
experienced during these periods in the United Kingdom. High temperatures promote bacterial growth which 
causes biological oxidation of soluble Fe and Mn to insoluble form in the WDNs. High temperatures also enhances 
the chemical oxidation of Fe and Mn. The high number of customer complaints during this period could also be 
attributed to the higher consumption of water. Water companies normally experience high demand for water during 
the second and third quarters of the year. This excess demand causes increased flow velocity and shear stress, 
which dislodges accumulated Fe and Mn from the pipe walls causing water discolouration. Although customer 
complaints is a good indicator of discoloured water, the variable and subjective nature of the manner customers 
complain make using it alone for making predictions sometimes misleading. 
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Fig. 4. Sample graphs showing seasonal patterns of customer complaints. 
 
5. Conclusions 
After analysing the six-year dataset, the findings indicate that alkalinity is a very important parameter in 
drinking water for reducing discolouration. It was observed that increase in alkalinity lowered both Fe and Mn 
concentrations. Alkalinity serves as a buffer that prevents large variations in pH; a parameter when in excess can 
cause chemical oxidation and sorption of Fe and Mn to increase in WDNs. Furthermore, high concentrations of 
alkalinity help to form protective layers of calcium or magnesium carbonate within the WDN which reduces 
corrosion rates. 
Both Fe and Mn showed high positive correlations with aluminium. This finding is a probable consequence of 
residual amounts of aluminium entering the WDNs after the raw water has been treated with the coagulant 
Al2(SO4)3. When these residual amounts occur in high quantities, amorphous Al(OH)3 can be formed, a compound 
that has been found to have sorption capabilities and hence allows  Fe and Mn sorption to take place.   
It was observed for all the DMAs in this study that when free chlorine residual concentrations were more than 
0.8mg/l, neither Fe nor Mn failed. This indicates that most of the oxidation that occured within the distribution 
system may be microbial induced and that free chlorine residual concentrations above 0.8mg/l were able to kill or 
reduce the growth of Fe and Mn oxidising bacteria. 
The seasonal trend of customer complaints with peaks during the second and third quarters of the year observed 
could be due to high temperatures which promote bacterial and chemical oxidation of Fe and Mn. It could also be 
due to excess demand for water which increases water velocity throughout the network, dislodging accumulated Fe 
and Mn particles from the pipe walls and subsequently leading to water discolouration. 
Based on the results of this study, it is recommended that appropriate actions to reduce water discolouration 
associated with Fe and Mn concentrations within WDNs can include increasing free chlorine residual 
concentrations above 0.8mg/l, as well as increasing the alkalinity of the water. Further research is required to 
investigate the influence of physical processes such as flow variation, shear stress and pipe material on Fe and Mn 
accumulation. The highly correlated parameters in this study together with the above mentioned physical 
parameters can be used to develop artificial-intelligence-based methods like artificial neural network, fuzzy logic, 
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Bayesian network and neuro-fuzzy models to estimate the risk of Fe and Mn compliance failures in a WDN.  
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